The management of patients having traumatic spinal cord injury (TSCI) would benefit from understanding and monitoring of spinal cord metabolic states. We hypothesized that the metabolism of the injured spinal cord could be visualized using Kohonen selforganizing maps. Sixteen patients with acute, severe spinal cord injuries were studied.
INTRODUCTION
Traumatic spinal cord injury (TSCI) is a devastating condition that primarily affects young men (Cripps et al. 2011) . To date, there is no monitoring from the injury site to guide the management of patients with TSCI in the intensive care unit and, consequently, the management is variable (Werndle et al. 2012 , Fehlings et al. 2010 . In 2014, we described a technique to monitor intraspinal pressure (ISP) and spinal cord perfusion pressure (SCPP) at the injury site (Werndle et al. 2014) . Recently, we employed microdialysis (MD) in addition to ISP and SCPP monitoring, to record hourly the levels of glucose, lactate, pyruvate, glycerol and glutamate from the injury sites of patients with acute TSCI (Phang et al. 2016a) . Monitoring from the injury site in TSCI patients is safe (Phang et al. 2016a , Phang et al. 2016b .
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We hypothesize that the injury site assumes different metabolic states that correlate with outcome and employ a multivariate technique to analyze the data. In contrast to the univariate methods used in our first MD paper (Phang et al. 2016a) , the multivariate method used here considers all metabolic features simultaneously and, consequently, can identify relationships between them. Each set of hourly metabolite measurements is considered as a five-dimensional vector. A Kohonen self-organizing map (SOM) is used to place these five-dimensional vectors in a two-dimensional grid (Kohonen 2013) . The Kohonen SOM preserves topological relationships between the five-dimensional vectors as they are mapped onto the two-dimensional grid thus allowing us to visualize clinically important, non-linear relationships between the vectors.
MATERIALS AND METHODS

Patients:
The study was approved by the National Research Ethics Service (No. 10/H0807/23).
All patients gave written consent. Inclusion criteria were: 1. Severe TSCI defined as American spinal cord injuries Impairment Scale (AIS) grade A -C; 2. Age 18 -70 years; 3. Time from TSCI to surgery ≤72 hours. Exclusion criteria were: 1. Patient unable to consent; 2. Other major injuries or co-morbidities; 3. Penetrating TSCI. Surgery and early management took place at the neurosurgery unit of St. George's Hospital. Recruitment into the study was discussed with all eligible patients and their families on admission, the patient information sheet was given and the consent form was signed. Details are given elsewhere (Phang et al. 2015 , Phang et al. 2016a , Phang et al. 2016b , Werndle et al. 2014 .
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Data pre-processing: We define a vector as a set of five metabolite measurements (components).
A complete vector has no missing components. An incomplete vector has at least one missing component. Spikes are >3 standard deviation rises in metabolite concentrations in all five components at a time point. We first filtered the MD data by removing spikes. We then interpolated incomplete vectors using the nearest neighbor approach. Only sequences of up to three consecutive incomplete vectors were interpolated. The resulting MD dataset comprised 3,366 five-dimensional vectors including 2,620 injury site vectors plus 746 vectors from spinal cord below. This corresponds to 16,830 metabolite measurements of which 644 are interpolated.
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Metabolites were normalized to zero mean and unit standard deviation.
Kohonen analysis:
We used Matlab SOM toolbox v.2.0beta (www.cis.hut.fi/somtoolbox/). Grid length and width were computed from the ratio between the eigenvalues of the input data. The grid was initialized using random weight-vectors uniformly distributed between the minimum and maximum input values. The Euclidean distance from each input vector to each weight-vector was calculated. The input vector was placed in the hexagon with the closest weight-vector, termed the best matching unit. The connection weights of the best matching unit and its neighboring hexagons were moved towards the input vector using a Gaussian neighborhood function. The process was repeated for all input vectors. The five-dimensional vectors were thus projected onto the two-dimensional map such that similar vectors clustered near each other.
Statistics:
In Figure 3 , data are shown as mean ± standard error and two groups were compared using Student's t-test.
RESULTS
Demographics:
We recruited 16 consecutive patients. Most (15/16) were male and most (13/16) were <50 years old. 6/16 had cervical and 10/16 thoracolumbar injuries. On admission, 12/16 patients were AIS A and 4/16 B or C. Average follow-up was 32 weeks (range 2 -89). At follow-up, 9/16 patients were AIS A and 7/16 B or C. MD data were collected for 29 -324 hours per patient, yielding a total of 3,366 vectors (2,620 from injury site, 746 from spinal cord below).
For details see Table 1 .
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Metabolic maps:
After mapping all 3,366 metabolic vectors in a 24×43 hexagonal grid, we produced metabolite heat maps by color-coding hexagons based on mean metabolite level (Fig.   1 ). The top left quadrant (near-normal) has high glucose, low lactate, medium/low pyruvate, low glutamate and low glycerol. The bottom left quadrant (ischemic) has low glucose, high lactate, medium/low pyruvate, high glutamate and high glycerol and includes two high glycerol (cell death) regions. Both forms of cell death are ischemic, but only one has high glutamate. The bottom right quadrant (hypermetabolic) has low glucose, high pyruvate and high lactate, but no glutamate or glycerol. In the top right quadrant, all metabolites have low levels; this profile, termed 'distal', is explained below. Together, our data indicate four major spinal cord metabolic states after injury.
Patient maps:
To characterize each patient's injury site metabolic profile, we color-coded hexagons by patient ( Fig. 2A) . On the left, each hexagon was colored based on the patient with most vectors in that hexagon. On the right, hexagons containing vectors from more than one patient received one color per patient; the colored area is proportional to the number of vectors.
The data show that the injured cord may either adopt only one metabolic state (e.g. P13) or flip between states (e.g. P11). Most (60.6 ± 3.7 %, mean ± standard error) of each patient's hexagons lack vectors from other patients (Fig. 2B) , i.e. metabolic responses are largely patient specific.
Consequently, there is no pattern in the spinal cord perfusion pressure (Fig. 2C ) and intracranial pressure (Fig. 2D) maps.
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Neurological outcome:
To address the hypothesis that the injury site metabolic profile predicts outcome, we colored hexagons based on the AIS grade on admission (Fig. 3A) . Unlike the vectors of the 12/16 AIS A patients, the vectors of the 4/16 AIS B or C patients were nearnormal, i.e. clustered in the top left quadrant. Vectors from below the injury clustered in the top right quadrant, which suggests that spinal cord distal to the injury is metabolically abnormal. In 
DISCUSSION
Our key finding is that the injured spinal cord adopts different metabolic states. In some patients, the injury site switches between adverse (ischemic) and favorable (near-normal) states. The spinal cord metabolic states after injury are comparable with the states that the injured brain may adopt including ischemic, infarcted, hyperperfused and near-normal (Timofeev et al. 2011 , Nelson et al. 2004 , Hutchinson et al. 2015 It is interesting to investigate whether therapeutic interventions after TSCI that maintain the near-normal metabolic state throughout, improve outcome.
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We also showed that the injury site metabolic responses are largely patient-specific. This is in agreement with the idea that, after TSCI, the optimum SCPP varies widely between patients (Phang et al. 2015 ). These observations suggest that patients should be managed individually rather than by applying universal protocols, such as maintaining mean arterial pressure between 85 -90 mmHg for a week after TSCI as recommended by the American Association of Neurological Surgeons (Cozzens et al. 2013) . The patient-specific nature of the metabolic response of the injured spinal is comparable to the patient-specific metabolic response of the injured brain (Nelson et al. 2004) . Factors that may contribute to the individualistic injury site metabolic responses after TSCI include the degree of spinal cord compression, mechanism of injury, extent of microvascular damage and pre-morbid state e.g. genotype.
A near-normal injury site metabolic state on admission was associated with improved outcome and likely indicates milder injury. Reduced variability of a patient's injury site metabolic profile also correlates with improved outcome and likely indicates less severe disruption of tissue homeostasis. In future studies, Kohonen networks may include tissue inflammatory mediators (Bethea & Dietrich 2002) and growth factors (Awad et al. 2015) , in addition to metabolites, to improve prognostication. A larger study is required to definitively determine whether Kohonen SOMs can be used to improve prognostication after TSCI.
We conclude that analyzing MD data with Kohonen SOMs may aid the management of patients with acute, severe TSCI in the intensive care unit.
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